One sentence summary: The voltage signal of MFC sensors generated by soil exoelectrogenic bacteria might act as a novel indicator of methane emission flux in paddy fields.
INTRODUCTION
Paddy field is a significant source of anthropogenic methane emissions (IPCC 2013 ) and its area is expanding to meet the needs of an increasing world population (Dong et al. 2016) . Therefore, assessing methane emissions from paddy fields is of great importance for taking actions to control the greenhouse gas emissions. The mostly widely used method for detecting methane emission is the chamber measurement method. This method can provide precise methane emission flux measurement; however, it depends on expensive gas chromatography. Moreover, the gas sampling and detecting process takes a long time. A quick and budget method would be invaluablefor evaluating methane emissions in large area of paddy fields.
We previously found that the voltage signals generated by soil exoelectrogenic bacteria in microbial fuel cells (MFCs) varied in accordance with temperature (Deng et al. 2014) and decreased with increasing concentrations of heavy metals in soil Jiang et al. 2015) . These results suggest that the voltage signals may serve as an indicator of soil microbial activity. In paddy soil, the anaerobic environment together with the organic substrates are favorable for exoelectrogenic bacteria . Studies by using isolation or sequencing methods have found that the exoelectrogenic bacteria-associated genera including Geobacter, Shewanella, Anaeromyxobacter, Desulfovibrio and Clostridium were detected in paddy soil (De Schamphelaire et al. 2010; Cabezas et al. 2015; Hori et al. 2015; Lin and Lu 2015; Sun et al. 2015) . Exoelectrogenic bacteria and methanogens both prefer anaerobic condition (Le Mer and Roger 2001) , abundant organic substrates, neutral pH and an optimal temperature range between 30
• C and 40
• C (Deng, Chen and Zhao 2012; Lu et al. 2015) . Moreover, direct interspecies electron transfer (DIET) was found between some exoelectrogenic bacteria and electrotrophic methanogens species and might contribute to a large portion of global methane production (Rotaru et al. 2014; Barua and Dhar 2017) . The electrotrophic methanogens accept electrons from exoelectrogenic bacteria through DIET for reduction of carbon dioxide to methane (Shen et al. 2016) . Since exoelectrogenic bacteria and methanogens share similar habitat and have connections with each other, we could hypothesize that there might be a positive relationship between exoelectrogenic bacteria and methanogens, and the voltage signals generated by exoelectrogenic bacteria might act as an indicator for methane emission flux. However, a number of previous studies support an 'inverse relationship' rather than 'positive relationship' between exoelectrogenic bacteria and methanogens by showing that exoelectrogenic bacteria suppress methane emissions. Such a result was generally obtained after running MFCs in soil for dozens of days (Ishii, Hotta and Watanabe 2008; Arends et al. 2014) (Ali et al. 2009; Huang, Yu and Gambrell 2009) . Since anode and oxidants act as electron acceptors for extracellular respiration (Borole et al. 2009) , and these acceptors are more energetically favorable than carbon dioxide utilized by methanogens (Lovely, Holmes and Nevin 2004) , long-time operation of MFCs and the application of oxidants will lead to the enrichment of exoelectrogenic bacteria in soil (De Schamphelaire et al. 2010; Ahn et al. 2014) . For example, it was found that with the operation of MFCs, the abundance of exoelectrogenic bacteria and the generated voltage increased progressively while the abundance of methanogens and methane emission decreased (Rizzo et al. 2013) . Another study showed that methanogenesis was active in the early stage of MFCs operation but decreased below the detection limit at the end of the 90 days of operation (Rismani-Yazdi et al. 2013) . Therefore, the inverse relationship was obtained after the application of oxidants or long-time operation of MFCs. There is little empirical evidence showing the relationship between exoelectrogenic bacteria and methanogens without artificial enrichment processes. In this study we attempted to reveal the relationship between exoelectrogenic bacteria and methanogens in community abundance and in activity. Due to the lack of a general gene for exoelectrogenic bacteria (Jiang et al. 2016) , the abundance of exoelectrogenic bacteria was evaluated by quantifying Geobacter, Shewanella, Anaeromyxobacter, Desulfovibrio and Clostridium. The abundance and diversity of methanogens was studied by quantifying and sequencing the mcrA gene, respectively (Wilkins et al. 2015) . We explored novel MFC-based sensors that were granted patent to detect voltage in situ and in only 10 min without enriching exoelectrogenic bacteria (Deng et al. 2017a) . The voltage signals served as an indicator of exoelectrogenic activity . The methanogenic activity was assessed by measuring methane emission flux from the paddy fields. We aimed to (i) illustrate the relationship between exoelectrogenic bacteria and methanogens, in community abundance and in activity, and (ii) develop a new method to evaluate methane emissions in situ with low cost and in a very short time.
MATERIALS AND METHODS

Site characteristics
The present study was conducted in flooded paddy fields, which were located in Nanjing city (NJ) in Jiangsu Province, Huanggang city (HG) in Hubei Province and Yingtan city (YT) in Jiangxi Province, respectively (supplementary Fig. S1 available online). These three regions are major rice-producing areas in China and are distinct from each other with respect to climate and soil type (supplementary Table S1 available online) (FAO 1990) . One paddy field with an area of approximately 0.2 km 2 was selected in each region and six sites as replicates were randomly selected in each paddy field. Distance between the adjacent sites was at least 50 m. The methane collection, voltage measurement and soil sampling were conducted in the six sites. This study was conducted in November 2016 (autumn), January 2017 (winter) and May 2017 (spring). We selected the 3 months to avoid rice plantation and meanwhile capture a broad temperature range. Different regions and temperatures would cause variation in abundance and activity of exoelectrogens and methanogens, which is advantageous to uncover their relationships.
Measurement of methane emission flux
The methane emitted from the flooded paddy soil was collected using cylindrical chambers that were 1.2 m in height and 30 cm in diameter. Each chamber has a fan on the top and a ventilation hole on the side (Zhong et al. 2017) . The hole was covered by a stopper for the extraction of gases. Twenty milliliters of gas collected from a chamber using an injector four times at 10 min intervals were stored in 20-mL vacuumized gas vials (Wang et al. 2018) . Within 24 h after gas was collected, methane concentration was analyzed by gas chromatography (7890B, Agilent Technologies, Santa Clara, CA, USA) (Bharati et al. 1999) . The column and detector were maintained at 55
• C and 200 • C, respectively. A 2 mL gas sample was injected through a sample loop using an on-column injector with a multiport valve (VICI AG, Schenkon, Switzerland was estimated according to Nouchi et al. (1994) .
Measurement of voltage
The exoelectrogenic activity of paddy soil was evaluated in situ using novel MFC-based sensors (Fig. 1A ) (Deng et al. 2017a) . Each MFC-based sensor consists of a cathodic pool (in plastic) and a cathode (in platinum) (Fig. 1B) , a cation exchange membrane and a tube-shaped anode (in stainless steel) (Fig. 1C) . The anode and cathode were connected with a 1000 resistance using titanium wire. Unlike previous studies in which carbon felt was embed into the paddy soil or soil was transferred into the anode chamber of MFCs (Kaku et al. 2008; Jiang et al. 2015) , in our study, the anode was inserted into flooded paddy soil to detect voltage in situ with minimal disturbance to the soil (Fig. 1D ). The cathodic reaction was standardized by submerging the cathode in the cathodic pool with distilled water containing approximately 7.6 mg L −1 dissolved oxygen so that the voltage was affected only by the activity of exoelectrogenic bacteria in paddy soil. Therefore, the voltage served as an indicator of exoelectrogenic activity. The voltage at the 1000 resistance was recorded every 2 min for 10 min using a multimeter in order to avoid the enrichment of exoelectrogenic bacteria. The five voltage data recorded in the 10 min were averaged to generate one mean voltage data for each site and season combination (supplementary Table S2 available online).
Soil sampling and properties measurements
After the collection of methane and measurement of voltage, paddy soil within the range of cylindrical chambers used for methane collection was sampled at a depth of 10 cm. A total of 54 soil samples were collected covering three regions and three seasons. After visible plant residues and roots were manually removed, the soil samples were placed in airtight plastic bags that had been purged with nitrogen gas. A subsample of 1 g fresh soil was extracted immediately with 0.5 M HCl to prevent oxidation and concentration of Fe 2+ was determined using the ferrozine assay at 562 nm with a spectrophotometer (UV-1750, Shimadzu, Kyoto, Japan (Ye et al. 2015) .
Two grams of soil from each fresh soil sample was stored at -20
• C for DNA extraction, and the remainder was air-dried and sieved through a 2 mm mesh for analysis of physiochemical properties. Briefly, soil pH was measured at 1:2.5 (soil:water) while soil electrical conductivity (EC) was measured at 1:5 (soil:water). Soil total carbon (TC), total nitrogen (TN) and total sulfur (TS) were determined using an elemental analyzer (Vario EL III, Elementar, Hanau, Germany); dissolved organic carbon (DOC) extracted using 0.5 M K 2 SO 4 and total humic carbon (THC) extracted using 0.1 M Na 4 P 2 O 7 and 0.1 M NaOH were determined with a total organic carbon analyzer (TOC-L, Shimadzu, Kyoto, Japan) (Cui, Li and Wang 2017) ; sulfate was extracted with acidic hydrolysis (HF-HNO 3 -HCl; 1:3:2) and measured by using ion chromatography (DIONEX ICS-1100, Thermo Scientific, Waltham, MA, USA) (Schellenberger, Drake and Kolb 2011).
DNA extraction
The genomic DNA of the collected 54 soil samples was extracted by using the Fast DNA SPIN kit for soil (BIO101, MP Biomedicals, USA). The purity and quantity of the extracted DNA were determined with a nanodrop UV-Vis spectrophotometer (ND-1000, NanoDrop Technologies, Wilmington, DE, USA) (Zhu et al. 2016) .
qPCR assay
The abundances of total bacteria and methanogens were quantified by quantitative PCR (qPCR) targeting the 16S rRNA gene and mcrA genes, respectively. The abundance of exoelectrogenic bacteria was quantified by targeting the 16S rRNA genes of Geobacter, Shewanella, Anaeromyxobacter, Desulfovibrio and Clostridium. Information about the primers and thermal cycling conditions of qPCR amplification are provided in Table 1 . Negative controls without DNA were run in parallel to ensure purity of the qPCR reagents. The quantification standard was constructed in a dilution series of plasmid DNA with 10 3 -10 9 gene copies. Prior to qPCR, conventional PCR amplification was performed to assess the purity of community DNA templates with a series of 10-fold dilutions of DNA templates. (Leloup et al. 2018 ).
Sequencing of the mcrA gene
The mcrA gene was amplified by using the primers mlas/mcrArev (Steinberg and Regan 2008) . Both the forward and reverse primers were combined with a unique 8-bp barcode. Each PCR amplification was performed in a 20 μL reaction mixture containing 20 ng of template DNA, 4 μL 5× FastPfu Buffer, 2 μL dNTP (2.5 mM), 0. 
Bioinformatics and statistical analysis
Low-quality reads were trimmed off using Trimmomatic (Bolger, Lohse and Usadel 2014) by omitting reads with <50 base pairs or a quality score of <20. Then, each paired-end read with at least a 20-base overlap between forward and reverse reads was merged into a full-length sequence using FLASH (v1.2.7) (Wu et al. 2015) . Operational taxonomic unit (OTU) clustering was first carried out with 98% similarity in USEARCH using all sequences omitting singletons. Chimera was filtered during the OTU cluster. All the OTU-represented sequences were aligned in Mothur (Schloss et al. 2009 ) based on the aligned mcrA pure culture references. The aligned sequences were imported into (Ludwig et al. 2004) . All these nucleotide sequences were further translated into amino acids. Sequences with translation mistakes or frame shifts were manually removed. Distance matrix was calculated based on the nucleotide sequences and exported from the ARB to the Mothur. In total, 60 new OTUs were clustered based on 84% nucleotide similarity (Yang et al. 2014) . The represented sequences for these OTUs were further imported into ARB for the taxonomic assignment by the construction of phylogenetic trees based on the previous mcrA database (Angel, Claus and Conrad 2012) . Sequence data were deposited in the NCBI Sequence Read Archive database (Bioproject number PRJNA427070). The relative abundance of the methanogens belonging to each genus was quantified according to the formula:
where A i is the abundance of genus i and it is essentially the copies of mcrA gene that belong to the genus i; A mcr A is the copies of the mcrA gene; and P i is the relative abundance of OTUs that belong to genus i in a soil sample (Zhang et al. 2017) .
Non-metric multidimensional scaling (NMDS) ordination of Hellinger distances was performed using the decostand function (Reim et al. 2017) in the vegan package (Oksanen et al. 2013) in R software version 3.3.2 (http://www.r-project.org). The influence of environmental variables and abundance of methanogens and exoelectrogenic bacteria on the total community of mcrA gene was analyzed by the envfit function (vegan package in R, permutations = 999).
One-way ANOVA was carried out to determine the significant difference between sampling sites at P < 0.05. Two-way ANOVA was conducted to determine the significance of regions and seasons and their interactions at P < 0.05 by using SPSS 14.0 software. Linear regressions were carried out to explore the relationship between the abundance of exoelectrogenic bacteria and that of methanogens, along with the generated voltage and methane emission flux by using the OriginPro 8.0 software.
RESULTS
Physiochemical properties of soil
Soil properties are shown in Table 2 . Two-way ANOVA revealed that the factor of sampling region was the main factor significantly (P < 0.01) influencing all studied soil physicochemical properties. The variation between months was smaller than that between regions for physiochemical properties. The factor of month only significantly (P < 0.05) affected pH, TN, TS, THC and Fe 3+ . At all sampling times, soil pH, EC, TC, TN, TS and SO 4 2− in NJ were significantly higher (P < 0.05) than those in HG and YT. HG was the highest in total dissolved iron (DFe T ) and Fe 3+ but lowest in DOC content. There were strong interactions between regions and months for TC, TN, TS, EC, DOC and Fe 3+ .
Voltage and methane emission flux
The mean value of the five voltage data recorded in 10 min and methane emission flux were used as indicators of exoelectrogenic activity and methanogenic activity, respectively. Both voltage and methane emission flux in November and May were significantly (P < 0.05) higher than in January. The voltage in NJ varied from 7.66 ± 2.72 (in January) to 30.27 ± 7.15 mV (in May), in HG from 4.30 ± 0.59 (in January) to 16.57 ± 0.81 mV (in May) and ST: sampling temperature; EC: electrical conductivity; DOC: dissolved organic carbon; TN: total nitrogen; THC: total humic carbon; DFeT: total dissolved iron; DF: degrees of freedom.. Symbols ( * ), ( * * ) and ( * * * ) indicate significance levels at P < 0.05, P < 0.01 and P < 0.001, respectively. confidence limits. Symbols and error bars represent means ± SEs (n = 6). Different letters above the bar charts showed significant differences among the three regions within a month when applicable (one-way ANOVA with Tukey's post hoc test at P < 0.05).
in YT from 4.12 ± 0.85 (in January) to 15.56 ± 2.23 mV (in November) (Fig. 2A) (Fig. 2B) . Results of linear regression showed a significantly positive relationship between voltage and methane emission flux (R 2 = 0.19, P < 0.001, Fig. 2C )
Abundance of exoelectrogenic bacteria and methanogens
The abundances of the five exoelectrogenic bacteria-associated genera (Geobacter, Shewanella, Anaeromyxobacter, Desulfovibrio and Clostridium) were determined based on 16S rRNA genes (Fig. 3A) . Geobacter and Clostridium were predominant in all samples, accounting for more than 85% of total abundance of the five genera. The relative abundance of Desulfovibrio and Anaeromyxobacter was the highest in May, accounting for about 6% and 10% of total abundance, respectively. Shewanella was the smallest fraction, accounting for less than 1.5% of total abundance of the five genera in all samples. The abundance of the five exoelectrogenic bacteria-associated genera was summed up to represent the abundance of exoelectrogenic bacteria, which showed variation between regions and seasons. In November, the abundance of exoelectrogenic bacteria-associated genera in HG was significantly higher than that in NJ and YT. The abundance of exoelectrogenic bacteria-associated genera in May was the lowest of the three months. We quantified the bacterial 16S rRNA gene in soil (supplementary Fig. S2 available online) and these five exoelectrogenic bacteria-associated genera accounted for approximately 0.4% of the total bacteria in HG and NJ, and approximately 3% in YT.
The abundance of methanogens, as determined with the mcrA gene, showed a similar pattern to that of exoelectrogenic bacteria (Fig. 3B) . It was significantly (P < 0.05) higher in HG than in NJ and YT, and was significantly (P < 0.05) higher in November than in January and May. The mcrA gene was sequenced and assigned into eight genera, including Methanobacterium, Methanocella, Methanolinea, Methanomassiliicoccus, Methanoregula, Methanosaeta, Methanosarcina and Methanospirillum. Methanogens from the genus Methanobacterium were predominant in NJ. They accounted for 40.2, 35.2 and 31.4% of all sequences in November, January and May, respectively (supplementary Fig. S3 available online) . HG was dominated by Methanolinea and Methanoregula and they together accounted for more than 40% of all sequences. Methanoregula was the most abundant in YT, accounting for 34.6, 22.9 and 23.4% of all sequences in November, January and May, respectively. Results of linear regression showed a significantly positive relationship between the abundance of exoelectrogenic bacteria-associated genera and that of the mcrA gene (R 2 = 0.52, Fig. 3C ).
Factors corresponding with methanogens and exoelectrogenic bacteria
NMDS of the methanogens at the genera level derived from mcrA gene Illumina sequencing showed distinct separation between NJ, HG and YT. However, there was no separation in season (autumn, winter and spring). For the methanogens community, we found that all measured soil properties and soil temperature were significantly related to the methanogens community composition (P < 0.05) (Fig. 4) an inhibitory effect on methane emission from paddy soil, while application of 22.5 mg g −1 SO 4 2− did not show inhibition (Ro et al. 2011) . Secondly, four out of the eight studied genera including Methanobacterium, Methanocella, Methanolinea and Methanoregula were hydrogenotrophic (Alpana et al. 2017) and they accounted for more than 45% of total mcrA abundance (supplementary Fig. S3 available online) . Previous studies have addressed the significant contribution of hydrogenotrophic methanogens to methane emission in paddy field. In rhizosphere and in bulk soil of paddy field, hydrogenotrophic methanogenesis contributed 60-80% and 17-50% to total methane production, respectively (Chin et al. 2004; Lu and Conrad 2005; Penning and Conrad 2006; Wu et al. 2009 ). The hydrotrophic methanogens are autotrophs that synthesize organic carbon from H 2 and CO 2 , and they are unlikely to compete with exoelectrogenic bacteria for organic substrates. Moreover, syntrophic cooperation can be constructed between a number of hydrogen (or formate)-producing exoelectrogenic bacteria (e.g. Clostridium sporogene) and hydrogen (or formate)-consuming methanogens (Shen et al. 2016) .
Thirdly, in the NMDS result, methanogens including Methanomassiliicoccus, Methanoregula and Methanolinea, and exoelectrogenic bacteria including Geobacter, Clostridium and Desulfovibrio, were strongly related to DFe T and Fe 3+ . The close relationship between methanogens and exoelectrogenic bacteria is likely a result of the fact that methanogens and exoelectrogenic bacteria are anaerobic microorganisms and they share similar optimal growth conditions. Another possible reason for that relationship is associated with syntrophic cooperation, which could be mediated by H 2 (Shen et al. 2016) or performed through the DIET from exoelectrogenic bacteria to methanogens (Cheng et al. 2009; Lin and Lu 2015) . It was found that after the addition of electric conductive granular activated carbon into activated sludge, Methanolinea were enriched with Geobacter, and methane formation increased by 34% (Lee, Lee and Park 2016) . This suggests that DIET might exist between Methanolinea and Geobacter.
In this study, we selected Geobacter, Shewanella, Anaeromyxobacter, Desulfovibrio and Clostridium to represent exoelectrogenic bacteria at genus level since these genera were repeatedly detected in paddy soil as major exoelectrogens (De Schamphelaire et al. 2010; Cabezas et al. 2015; Lin and Lu 2015; Sun et al. 2015) . Due to the lack of universal gene markers, it is difficult to quantify exoelectrogenic bacteria in soil. One alternative strategy is to quantify the genera that contain exoelectrogenic bacteria (Schilirò et al. 2016) , or as we called them, exoelectrogenic bacteria-associated genera. There could be some overestimation of the abundance of exoelectrogenic bacteria as not all species of the exoelectrogenic bacteria-associated genera have exoelectrogenic activity. Nevertheless, this strategy offered an approximate assessment of the abundance of exoelectrogenic bacteria in paddy soil. The total abundance of these five genera in HG is significantly higher than that in NJ and YT. This is probably due to the HG having the highest Fe concentration in soil, because the NMDS result shows that Geobacter, Desulfovibrio and Clostridium were positively related to DFe T and Fe 3+ concentration in paddy soil (Fig. 4) . Clostridium and Geobacter were major groups and they made up approximately 90% of the five exoelectrogenic bacteria (Fig. 3A) . This is supported by a number of studies which showed that Clostridium and Geobacter were the dominant iron-reducing bacteria in paddy soil (Hori et al. 2010; Chen et al. 2016; Li et al. 2017) . Exoelectrogenic activity can be evaluated using voltage generated from dual chamber MFCs as an indicator . However, the dual chamber MFC is not suitable for in situ detection of voltage in paddy field. Although the sediment MFCs can be used to detect voltage in situ by putting the anode into the paddy soil and the cathode in the overlying water, the voltage not only was affected by exoelectrogenic activity on the anode, but also varied with the chemical properties of overlying water (e.g. pH, conductivity, dissolved oxygen), which strongly influences the cathodic reaction (Cheng, Ho and Cord-Ruwisch 2010) . To resolve the problem, the cathode reaction of the MFC-based sensors in this study was standardized by submerging the cathode in distilled water containing approximately 7.6 mg L −1 O 2 , so that the voltage generated by the MFC-based sensors was only driven by exoelectrogenic bacteria in paddy soil. Moreover, the novel MFC was used to measure the voltage within 10 min in order to avoid the enrichment of exoelectrogenic bacteria and the unfavorable alteration of soil properties, such as acidification caused by anodic oxidation of organic matter (Rozendal, Hamelers and Buisman 2006; Kouzuma, Kaku and Watanabe 2014) . Our results show that voltage varied with temperature and it was the highest in May and lowest in January (Fig. 2A) . As demonstrated by a number of studies, power output of MFCs positively correlated with temperature in natural conditions (Deng et al. 2014; Dai et al. 2015) , probably because higher temperatures promote microbial activity. However, the abundance of exoelectrogenic bacteria did not correlate with temperature and voltage, as demonstrated by consistently the lowest abundance of exoelectrogenic bacteria being found in May (Fig. 3A) . Barbato et al. (2017) found that soil microbial activity was proportional to both incubation temperature and electrical power of MFCs, whereas microbial abundance did not vary concurrently with temperature or electrical power (Barbato et al. 2017) . One possible reason is that the exoelectrogenic bacterial communities include inactive bacteria, which do not generate electricity. Moreover, the inactive exoelectrogenic bacteria disrupt the electrical conductivity or occupy anodic surfaces (Logan 2009) . A similar situation was seen for methane emission flux, which increased with warmer temperature but had no relationship with the total abundance of methanogens (Liu et al. 2011; Kim et al. 2015) . Although the methanogens were affiliated to eight classes, only Methanobacterium positively correlated to the methane emission flux (supplementary Fig. S4 available online) . It was previously found that Methanobacteriaceae and its members Methanobacterium are the functionally and quantitatively dominant group of hydrogenotrophic methanogens in paddy soils, playing an important role in the CH 4 production (Mao, Yin and Deng 2015; Xu et al. 2017) .
No. 2016YFD0200302); and the Natural Science Foundation of Jiangsu Province (Grant No. BK20171476).
Conflicts of interest. None declared.
